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The RGD (Arg-Gly-Asp) motif functions as a recognition site for adhesive proteins responsible for a number of cell–cell
interactions. Certain viruses use this sequence as a receptor-binding site by interaction with cellular integrins. To elucidate
the role of the RGD sequence of the ø29 terminal protein (TP), seven modified TPs were generated by site-directed
mutagenesis. Most of the TP mutants were not efficiently used as primers, leading to a reduction of the TP-dAMP complex
formation in the presence of the ø29 TP-DNA template. Moreover, these mutant TPs were poorly deoxyadenylylated by ø29
DNA polymerase in the absence of template. Analysis of primer TP/DNA polymerase complex formation showed that the
modified TPs were affected in the formation of the heterodimeric complex. These results indicate that the RGD sequence
present in ø29 TP is primarily involved in interaction with the viral DNA polymerase. © 1998 Academic Press
INTRODUCTION
Bacillus subtilis phage ø29 has a linear double-stranded
DNA with a terminal protein (TP) covalently linked to the 59
ends and replicates by a protein-priming mechanism. One
of the first steps in the initiation of ø29 DNA replication is
the formation of a heterodimer of primer TP and DNA
polymerase (Blanco et al., 1987), which recognizes the
origins of replication, located at both genome ends. Such
recognition probably occurs through protein–protein inter-
action between the primer TP (associated with ø29 DNA
polymerase) and the parental TP (bound to the DNA). The
viral protein p6 forms a nucleoprotein complex with the
origins of replication that probably contributes to the un-
winding of the double helix at both DNA ends (Serrano et
al., 1990). The DNA polymerase catalyzes the addition of the
first dAMP to the primer TP (Blanco and Salas, 1984). This
protein-primed event occurs opposite to the second 39-
terminal nucleotide of the template, and the initiation prod-
uct (TP-dAMP) slides back one nucleotide in the DNA to
recover the terminal nucleotide (Me´ndez et al., 1992). After
a transition step, in which the TP/DNA polymerase het-
erodimer dissociates upon addition of 8–9 nucleotides to
the TP (Me´ndez et al., 1997), the same molecule of ø29 DNA
polymerase completes replication of each parental strand
(reviewed by Blanco and Salas, 1996).
An Arg-Gly-Asp (RGD) sequence is present at position
256–258 of both phage ø29 and M2 TPs (Yoshikawa and
Ito, 1982; Leavitt and Ito, 1987), close to residue Ser232
involved in the TP-dAMP linkage (Hermoso et al., 1985).
The RGD sequence is known to be responsible for pro-
tein–protein interaction in important biological functions.
Thus, the RGD sequence exists in extracellular matrix
proteins such as fibronectin (Pierschbacher and Ruo-
slahti, 1984), vitronectin (Hayman et al., 1985), fibrinogen
(Gartner and Benett, 1985; Plow et al., 1985), and type I
collagen (Dedhar et al., 1987), being involved in the
interaction with cellular adhesion proteins such as inte-
grins. The RGD sequence in foot-and-mouth disease
virus protein 1 (VP1) was shown to be responsible for
attachment of the virus to susceptible cells (Fox et al.,
1988). Accordingly, the RGD sequence in the TP of the B.
subtilis phages ø29 and M2 might be also involved in
protein–protein interaction. It has been reported that
RGD peptide inhibits the transfection of M2 DNA (Koba-
yashi et al., 1988) and has an inhibitory effect on the
protein-priming reaction in vitro. These findings led to the
proposal that the RGD sequence in the primer TP serves
to interact with the parental TP, thus localizing the DNA
polymerase at the initiation site (Kobayashi et al., 1989).
By using deletion mutants, Zaballos et al. (1986) have
shown that the 22 C-terminal amino acids of ø29 TP are
essential for the in vitro priming reaction. Taking into
account that the RGD sequence is located in this region,
the lack of priming activity in these deletion mutants
could be due to a requirement for the RGD sequence. On
the other hand, these deletion mutants were unable to
interact with ø29 DNA polymerase (Zaballos and Salas,
1989), indicating the existence of a DNA polymerase
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binding domain in this region of TP. To elucidate the
putative role of the RGD sequence present in the ø29 TP,
several site-directed mutations of this sequence were
obtained. Here, we describe a reduction in the priming
activity observed with TP mutants at the RGD sequence,
primarily due to defective interaction with ø29 DNA poly-
merase.
RESULTS
The RGD sequence in the TP of bacteriophages
The RGD sequence, a consensus motif in cell-adhe-
sive proteins, is present in one of the two regions of ø29
TP shown to be involved in the interaction with ø29 DNA
polymerase (Zaballos et al., 1986; see Fig. 1A). In addi-
tion, a role for this motif in the localization of the repli-
cation proteins at the origin has been suggested by
means of an interaction between parental and primer
TPs (Kobayashi et al., 1989). Figure 1B shows a multiple
alignment of the 18 C-terminal amino acids of TPs from
different bacteriophages. The RGD sequence is con-
served only in the TP of phages closely related to ø29.
GA-1, an evolutionarily more distant B. subtilis phage,
conserves only the glycine residue. The TP of the Esch-
erichia coli phage PRD1 contains only the arginine and
glycine residues of this sequence, and none of the amino
acids of the RGD sequence is present in the TP of the
Streptococcus pneumoniae phage Cp-1. Thus, the align-
ment shown in Fig. 1B does not support the definition of
the RGD sequence as a conserved motif in all the TP of
bacteriophages.
Construction of site-directed mutants at the RGD
sequence of ø29 TP
Single substitutions of ø29 TP residues Arg256, Gly257,
and Asp258 (see Fig. 1B) were performed by site-directed
mutagenesis. Seven mutants were obtained: R256K,
R256M, R256T, G257A, G257D, G257V, and D258E. Mu-
tations were introduced taking into account general sug-
gestions for conservative substitutions (Bordo and Ar-
gos, 1991) and secondary structure predictions (Chou
and Fasman, 1978; Garnier et al., 1978). The changes of
Arg256 either to Lys, Met, or Thr were designed to keep or
remove the positive charge. Gly257 was changed either to
Ala or Asp, a conservative and nonconservative amino
acid, respectively, or to Val, which is larger in size. The
change of Asp258 to Glu, larger in size, kept the negative
charge. Site-directed mutagenesis, overproduction and
purification of the mutant proteins were carried out as
described in Materials and Methods.
Single substitutions at the RGD sequence produce
defective TP primers
Replication of ø29 TP-DNA starts at both ends by a
specific protein-priming mechanism catalyzed by the vi-
ral DNA polymerase. In this process, three steps can be
distinguished: (1) Initiation, in which a heterodimeric
TP/DNA polymerase complex recognizes the replication
origin, perhaps through an interaction between the TP/
DNA polymerase heterodimer and the parental TP at-
tached to the DNA. Then, the DNA polymerase catalyzes
the linkage of dAMP to the TP, which acts as a primer, in
a reaction directed by the second 39-terminal template
nucleotide (Me´ndez et al., 1992). (2) Transition, which
implies the dissociation of the TP/DNA polymerase het-
erodimer (Me´ndez et al., 1997). And (3) elongation, char-
acterized by a highly processive DNA synthesis coupled
to strand-displacement.
FIG. 1. (A) Domain structure of bacteriophage ø29 TP. The amino acid
sequence of ø29 TP (266 aa) is represented by a bar. The DNA
polymerase binding domains, the DNA binding domains, the RGD
sequence, and the serine residue 232 are depicted. The functional
domains have been determined by deletion mutagenesis in ø29 TP
(Zaballos et al., 1986). (B) Multiple alignment of the amino acid se-
quences of bacteriophage TPs (S. pneumoniae phage Cp-1; E. coli
phage PRD1; B. subtilis phages GA-1, M2, Nf, B103, PZA, and ø29).
Numbers between brackets indicate the amino acid position relative to
the N terminus of each TP sequence. Invariant residues in the RGD
sequence are indicated in white letters on a black background. Iden-
tical or highly conserved residues aligned in more than half of the
sequences are in bold type. ø29 TP residues mutated in this work are
boxed, together with the mutants obtained. Mutant proteins are desig-
nated by the original amino acid (in single letter notation), its position
and the replaced amino acid; i.e., R256K 5 Arg256 to Lys.
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To analyze the initial step of ø29 TP-DNA replication,
the RGD-mutated proteins were tested for their initiation
capability, i.e., to act as primer in the in vitro formation of
the TP-dAMP complex. As summarized in Table 1, mu-
tants G257A and D258E had 39 and 54%, respectively,
the activity of the wild-type TP, the rest of the mutants
showing a lower activity (10–20%). According to the pro-
posal by Kobayashi et al. (1989), in which the RGD se-
quence of the primer TP could play a direct role in the
origin recognition by interacting with the parental TP, the
low activity of most of these mutants in the priming
reaction could be the consequence of a defective inter-
action with the parental TP of the template. The fact that
the ø29 DNA polymerase can catalyze the deoxynucleo-
tydylation of the TP in the absence of template (Blanco et
al., 1992) allowed us to test this possibility. TP-dAMP
formation was assayed in vitro using the same condi-
tions as above but in the absence of TP-DNA (as de-
scribed in Materials and Methods). The activity of mu-
tants G257A and D258E was about 20% with respect to
wild-type TP, and that of the other mutants was lower
than 10% (see Table 1 and Fig. 2). Thus, the mutant TPs
were also defective in a reaction that does not involve
primer TP-parental TP interaction. These results suggest
that the mutations at the RGD sequence of ø29 TP affect
either the catalysis itself or the capability to interact with
ø29 DNA polymerase.
ø29 TP mutants at the RGD sequence do not stably
interact with ø29 DNA polymerase
The ability of mutant TPs (31 kDa) to form a het-
erodimeric complex with ø29 DNA polymerase (66 kDa)
was examined by ultracentrifugation in a glycerol gradi-
ent under the conditions described in Materials and
Methods. The different fractions of the gradient were
subjected to SDS-PAGE and analyzed by Western blot-
ting using specific antibodies against ø29 TP and ø29
DNA polymerase. As expected, ø29 DNA polymerase
and wild-type TP co-sedimented as a heterodimer (Fig.
TABLE 1









wt 100 100 1 100 1 20
R256K 17 7 2 176 4 13
R256M 12 6 2 156 4 13
R256T 12 6 2 162 4 12
G257A 39 21 2 121 5 14
G257D 12 5 2 120 3 7
G257V 11 9 2 127 8 4
D258E 54 22 2 163 3 15
a Assays were carried out with 20 ng of ø29 DNA polymerase and 10 ng of ø29 wild-type or mutant TPs.
b The DNA polymerase binding capacity of wild-type and mutant TPs was detected by glycerol gradient centrifugation as described in Materials
and Methods.
c The transition efficiency was calculated as the ratio between the number of molecules fully replicated and the total number of initiation events,
both aborted and replicated, considering the efficiency of wild-type TP as 1.
d The DNA amplification factor was calculated as the ratio between the amount of DNA synthesized in vitro and the amount of input DNA.
FIG. 2. In vitro formation of TP-dAMP complex in the absence of template. Reactions were carried out for 2 h at 30°C, in the absence of TP-DNA,
with 20 ng of ø29 DNA polymerase and 10 ng of ø29 TP, wild-type or mutant. The samples were subjected to SDS-PAGE as described under Materials
and Methods.
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3A). On the contrary, all mutant TPs migrated as free
monomers not being able to form a heterodimer with ø29
DNA polymerase at the protein concentration used (Figs.
3B–3D and results not shown). In agreement with a
weakened interaction between these two proteins, when
a fourfold higher concentration of mutant TPs was used,
the formation of TP/DNA polymerase heterodimer could
be detected with all mutants (not shown). Therefore, the
RGD sequence of ø29 TP seems to be primarily involved
in the interaction with ø29 DNA polymerase.
A weakened TP/DNA polymerase interaction favors
transition to DNA elongation
Despite their initiation defect, TP proteins mutated at
the RGD sequence appear to be efficient primers when
the global efficiency of TP-DNA replication (at 20 mM
dNTP) is analyzed (results not shown). This apparently
contradictory effect was more obvious at low dNTP con-
centration (1 mM), at which mutant TPs showed a repli-
cation activity even higher than the wild-type TP (see
Table 1). To understand these results, it is important to
bear in mind that after protein-primed initiation, there is
a transition step that requires the dissociation of the
TP/DNA polymerase heterodimer (Me´ndez et al., 1997). A
possible explanation for the high levels of replication
obtained with these mutant TPs is that the defective
interaction between the two proteins, TP and DNA poly-
merase, that would be expected to reduce the number of
initiation events could improve the efficiency of a rate-
limiting transition, compensating the final number of
elongated molecules.
It has been demonstrated that a high proportion of
abortive products corresponding to transition intermedi-
ates accumulate when in vitro replication of ø29 TP-DNA
is carried out at a low concentration of nucleotides; for a
precise study of the transition stage, an exonuclease-
deficient derivative of ø29 DNA polymerase must be
used to maintain the original size of the aborted prod-
ucts. To assess whether the mutations at the RGD se-
quence could affect the transition step, the frequency of
transition was evaluated in a replication assay catalyzed
by the exonuclease-deficient DNA polymerase mutant
N62D, essentially devoid of 39-59 exonuclease activity,
but retaining a wild-type strand-displacement capability
(de Vega et al., 1996), using Mg21 as metal activator and
1 mM dNTPs. By analysis of the replication products in
high-resolution SDS-PAGE, the different transition prod-
ucts were detected and quantified. Considering the tran-
sition efficiency as the ratio between the number of
molecules fully replicated and the total number of initia-
tion events, both aborted and replicated, we can con-
clude that the mutant TPs exhibit a transition efficiency
higher than the wild-type TP (see Fig. 4 and Table 1).
Therefore, the efficiency of replication is explained on
the basis that the weakened TP/DNA polymerase inter-
action, produced as a consequence of single substitu-
tions at the RGD sequence of the TP, favors the transition
of ø29 DNA polymerase to the elongation stage.
The RGD sequence is not critical for the parental TP
function
It was reported that the complete replication of both
ø29 DNA strands in vitro required only two proteins: ø29
TP, which acts as initiation primer, and ø29 DNA poly-
merase (Blanco and Salas, 1985). However, to obtain
amplification of small amounts of ø29 TP-DNA, two ad-
ditional viral proteins are required: the origin-binding
protein p6 and the SSB protein p5 (Blanco et al., 1994).
During ø29 TP-DNA amplification, the TP acts first as a
primer, but in the next replication round, it becomes
parental TP. To analyze the effect of the mutations intro-
duced in the TP on its function as parental TP, amplifi-
FIG. 3. Formation of the ø29 TP/DNA polymerase heterodimer. The
wild-type or mutant TPs were incubated with the ø29 DNA polymerase
as described in Materials and Methods. The proteins were subjected to
sedimentation analysis in 15–30% glycerol gradients. After ultracentrif-
ugation, the gradients were collected in 25 fractions, and an aliquot of
each fraction was analyzed by SDS-12% polyacrylamide gel electro-
phoresis. TP and DNA polymerase were detected by Western blotting
using specific antibodies against each protein. Open circles represent
ø29 DNA polymerase and closed circles represent the TP. (A) wild-type
TP and DNA polymerase, (B) R256M TP and DNA polymerase, (C)
G257V TP and DNA polymerase, (D) D258E TP and DNA polymerase.
Vertical arrow marks the position of the ø29 TP/DNA polymerase
heterodimer.
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cation assays were carried out as described in Materials
and Methods. Figure 5 shows the amount of DNA syn-
thesized using wild-type and mutant TPs. All mutant TPs
were able to amplify ø29 DNA, indicating that mutations
at the RGD sequence did not affect the role as parental
TP. TP mutants R256K, R256M, R256T, G257A, and D258E
displayed a number of replication rounds close to those
of the wild-type TP and higher than those of the TP
mutants G257D and G257V (see Table 1 and Fig. 5).
Taking into account that mutants G257D and G257V have
priming and transition activities similar to those of mu-
tants R256K, R256M, and R256T, their lower amplification
capacity would suggest an additional role of Gly257 in the
recognition between the parental TP and the primer
TP/DNA polymerase heterodimer.
DISCUSSION
The RGD sequence, which is well known as a signal
for protein–protein interaction in fibronectin (Piersch-
bacher and Ruoslahti, 1984), vitronectin (Hayman et al.,
1985), and fibrinogen (Gartner and Benett, 1985; Plow et
al., 1985) and for attachment of some viruses to the cell
(Fox et al., 1988), is present near the carboxyl-terminus of
the TP of B. subtilis phages containing linear genomes
such as ø29, PZA, M2, Nf, or B103. Studies carried out
with truncated ø29 TPs (Zaballos et al., 1986) showed
that 22 amino acids from the C terminus are essential for
the in vitro priming reaction. The RGD sequence in ø29
TP is located within that region, at position 256–258.
It is well established that for the initiation of ø29 DNA
replication, association of the TP and the DNA polymer-
ase is required. Once the heterodimer is formed, recog-
nition of the replication origins should take place. One of
the main components that determines the replication
origin is the parental TP attached to the DNA ends
(Gutie´rrez et al., 1986). Taking into account that linear
TP-DNA is able to circularize and to form concatemers
due to protein–protein interaction (Ortı´n et al., 1971;
Salas et al., 1978), it is possible that a RGD-mediated
interaction between the primer TP and the parental TP
attached to the DNA could be required for the recogni-
tion of the replication origin.
To assess the importance of the RGD sequence in the
ø29 DNA protein-primed replication, we mutagenized
ø29 TP residues Arg256, Gly257, and Asp258. Every sub-
stitution affected the priming activity of mutant TPs, both
in the presence and in the absence of TP-DNA, indicat-
ing that the defect is independent of primer TP/parental
TP interactions. The possibility of a defect in the inter-
action with ø29 DNA polymerase was studied by analyz-
ing the formation of a TP/DNA polymerase heterodimer.
At a low protein concentration, and contrary to the wild-
type TP, none of the mutant TPs was able to form a stable
heterodimer with the ø29 DNA polymerase, reflecting
that these TPs have a defect in the interaction with ø29
DNA polymerase. Taking into account these results, it
seems that residues Arg256, Gly257, and Asp258 are pri-
marily involved in DNA polymerase interaction, in agree-
FIG. 4. Accumulation of abortive replication products in vitro. Replication of TP-DNA using ø29 DNA polymerase mutant N62D and the indicated
wild-type or mutant TP was carried out as described in Materials and Methods, with Mg21 as metal activator and 1 mM of each dNTP. Samples were
analyzed by high-resolution SDS-PAGE. The different transition products detected are bracketed. An extra abortive product corresponding to
TP-(dNMP)16 is also indicated. This stop, previously described during replication of TP-DNA with exonuclease-deficient mutant polymerases (Esteban
et al., 1994; Me´ndez et al., 1997), occurs after the transition event.
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ment with the functional domains established by Zabal-
los et al. (1989) by deletion mutagenesis of ø29 TP. Kishi
et al. (1994) reported that mutant TPs at the RGD se-
quence of bacteriophage M2 were able to interact with
the M2 DNA polymerase. This apparent disagreement
with our results can be explained because a higher
concentration of mutant TPs was used in their interaction
assays (Kishi et al., 1994). As described here, under
similar conditions, interaction between mutant ø29 TPs
and ø29 DNA polymerase was also observed.
When ø29 DNA replication was assayed, the activity of
mutant TPs was similar or even higher than that of
wild-type TP. To understand this result, we must consider
the immediate events occurring after the protein-primed
initiation step. After incorporation of the initiating dAMP
residue to the primer TP, the same molecule of ø29 DNA
polymerase elongates a short DNA primer before total
dissociation of TP; once both proteins are separated, ø29
DNA polymerase continues elongation to complete rep-
lication of the nascent DNA chain. Thus, for an efficient
transition between protein-primed initiation and DNA
elongation, dissociation of the TP/DNA polymerase het-
erodimer is required. Bearing in mind that interaction
between mutant TPs and DNA polymerase is affected,
this may favor the dissociation during transition, explain-
ing the high activity in the replication assay. As shown
here, the amount of abortive replication products de-
tected during replication with mutant TPs was relatively
lower than with wild-type TP, reflecting a higher transition
efficiency that could improve the yield of the replication
reaction. To further evaluate the proposal in which the
RGD sequence is involved in the primer TP-parental TP
interaction (Kobayashi et al., 1988, 1989), ø29 mutant TPs
were used as primers in an amplification assay (Blanco
et al., 1994), where the TP acts firstly as a primer and,
after DNA replication, once it is attached to the DNA
ends, acts as parental TP. Taking into account that all
mutant TPs allowed ø29 TP-DNA amplification, a role of
the RGD sequence as a motif in parental TP recognition
is unlikely. However, TP mutants G257D and G257V
showed an amplification efficiency lower than in the
case of wild-type TP and the rest of the mutant TPs,
despite the fact that they have a transition efficiency
similar to that of the other mutant TPs. This defect,
apparent under the limited conditions in which the am-
plification experiment is carried out, i.e., a low concen-
tration of TP-DNA template, suggest that Gly257 residue
of ø29 TP, invariant in the TPs of B. subtilis phages,
contributes to the proper interaction between the TP/
DNA polymerase heterodimer and the replication origin.
MATERIALS AND METHODS
Nucleotides, DNAs, and proteins
[a-32P]dATP (3000 Ci/mmol) was obtained from Amer-
sham International. Unlabelled nucleotides were from
Pharmacia P-L Biochemicals. TP-DNA was obtained as
described (Pen˜alva and Salas, 1982). Wild-type and 39-59
exonuclease-deficient (N62D) ø29 DNA polymerase
were purified essentially as described by La´zaro et al.
(1995). ø29 TP, wild-type and mutants, were purified as
described by Zaballos et al. (1989).
Site-directed mutagenesis and expression of ø29 TP
mutants
The wild-type ø29 TP gene cloned into M13mp18 was
used for site-directed mutagenesis carried out as de-
scribed (Nakamaye and Eckstein, 1986) using the oligo-
nucleotide-directed in vitro mutagenesis kit from Amer-
sham. Fragments carrying the different mutations were
subcloned in plasmid pAZe3s (Zaballos et al., 1987) plac-
ing the ø29 TP gene under the control of the l PL
promoter. The presence of the desired mutations and the
absence of any other changes were confirmed by com-
plete sequencing of each ø29 TP mutant gene. Sequenc-
ing was carried out by the chain termination method
(Sanger et al., 1977), using Sequenase version 2.0 from
U.S. Biochemical Corp. and a set of synthetic oligonucle-
otides complementary to the ø29 TP gene as sequencing
FIG. 5. In vitro ø29 TP-DNA amplification. The ø29 TP-DNA amplification assay was carried out as described in Materials and Methods in the
presence of 20 ng of ø29 DNA polymerase and 10 ng of wild-type or mutant TPs. The amount and size of amplified DNA was analyzed by alkaline
agarose gel electrophoresis followed by ethidium bromide staining. The gel shows the amount of input DNA as control (C).
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primers. Expression of the mutant proteins was carried
out in E. coli K12DH1Dtrp.
TP-dAMP formation (protein-primed initiation assay)
The incubation mixture contained, in 25 ml, 50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM dithiothreitol, 20
mM (NH4)2SO4, 4% glycerol, 0.1 mg/ml bovine serum
albumin, 0.25 mM [a-32P]dATP (2.5 mCi), 0.5 mg of ø29
TP-DNA, 10 ng of ø29 TP (wild-type or mutants), and 20
ng of ø29 DNA polymerase. In the case of the template-
independent assay, TP-DNA was omitted and 1 mM
MnCl2 was used as metal activator instead of MgCl2.
After incubation for the indicated time at 30°C (in condi-
tions shown to be linear with time and enzyme amount),
the reactions were stopped by adding EDTA to 10 mM
and SDS to 0.1%. The samples were filtered through
Sephadex G-50 spin columns in the presence of 0.1%
SDS. The excluded volume was analyzed by SDS-PAGE
and autoradiography. Quantitation was done by densito-
metric analysis of the autoradiographs.
TP-DNA polymerase interaction assay
Wild-type or mutant TPs were incubated, in 0.25 ml,
with ø29 DNA polymerase (0.25 and 0.5 mg of each
protein, respectively; molar ratio 1:1) for 30 min at 4°C in
a buffer containing 50 mM Tris-HCl (pH 7.5), 20 mM
(NH4)2SO4, 1 mM dithiothreitol, 4% glycerol, and 0.1
mg/ml bovine serum albumin. The samples were loaded
on top of linear 15–30% glycerol gradients (4 ml) contain-
ing 50 mM Tris-HCl, pH 7.5, 180 mM NaCl, 20 mM
(NH4)2SO4, 2 mM ZnSO4, 1 mM EDTA, and 7 mM 2-mer-
captoethanol and centrifuged for 26 h at 62,000 rpm in a
SW65 Beckman rotor, at 4°C. The gradients were frac-
tionated from the bottom and individual fractions were
subjected to electrophoresis in SDS-12% polyacrylamide
gels. TP and DNA polymerase were detected by Western
blotting.
ø29 TP-DNA replication
The incubation mixture contained, in 25 ml, 50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 20 mM (NH4)2SO4, 1 mM
dithiothreitol, 4% glycerol, 0.1 mg/ml bovine serum albu-
min, 0.5 mg of TP-DNA, either 20 or 1 mM of each dATP,
dCTP, dGTP, dTTP, and [a-32P]dATP (1 mCi), 10 ng of ø29
TP, and 20 ng of ø29 DNA polymerase. After incubation
for 5 min at 30°C, the reactions were stopped and the
samples were filtered as described above. The excluded
volume was analyzed by SDS-PAGE and autoradiogra-
phy. To study the transition step, a replication assay was
carried out under the same conditions as above but
using 1 mM of each dNTP and the exonuclease-deficient
ø29 DNA polymerase mutant N62D. For the analysis of
the truncated elongation products, electrophoresis was
carried out in 0.1% SDS-12% polyacrylamide gels (360
mm 3 0.5 mm).
ø29 TP-DNA amplification assay
The incubation mixture contained, in 25 ml, 50 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 20 mM (NH4)2SO4, 1 mM
dithiothreitol, 4% glycerol, 0.1 mg/ml bovine serum albu-
min, 25 ng of TP-DNA, 80 mM each dCTP, dGTP, dTTP,
and [a-32P]dATP (2.5 mCi), 8 mg of protein p5 (SSB), 10 mg
of protein p6 (DBP), 20 ng of ø29 DNA polymerase, and
10 ng of either wild-type of mutant TPs. After incubation
for 1.5 h at 30°C, the reaction was stopped and the
samples were filtered as described above. Aliquots of
the amplified TP-DNA were quantitated by alkaline aga-
rose gel electrophoresis and ethidium bromide staining.
ACKNOWLEDGMENTS
We are very grateful to J. M. La´zaro and L. Villar for the purification
of proteins. This investigation was supported by research grant 5RO1
GM27242–18 from the National Institutes of Health, by grant No. PB93–
0173 from the Direccio´n General de Investigacio´n Cientı´fica y Te´cnica,
by grant CHRX-CT 93–0248 from the European Economic Community,
and by an institutional grant from Fundacio´n Ramo´n Areces. B.I. was
recipient of a predoctoral fellowship from Ministerio de Educacio´n y
Ciencia.
REFERENCES
Blanco, L., Bernad, A., Esteban, J. A., and Salas, M. (1992). DNA
independent deoxynucleotidylation of the ø29 terminal protein by the
ø29 DNA polymerase. J. Biol. Chem. 267, 1225–1230.
Blanco, L., La´zaro, J. M., de Vega, M., Bonnin, A., and Salas, M. (1994).
terminal protein-primed DNA amplification. Proc. Natl. Acad. Sci.
USA 91, 12198–12202.
Blanco, L., Prieto, I., Gutie´rrez, J., Bernad, A., La´zaro, J. M., Hermoso,
J. M., and Salas, M. (1987). Effect of NH4
1 ions on ø29 DNA-protein
p3 replication: Formation of a complex between the terminal protein
and the DNA polymerase. J. Virol. 61, 3983–3991.
Blanco, L. and Salas, M. (1984). Characterization and purification of a
phage ø29-encoded DNA polymerase required for the initiation of
replication. Proc. Natl. Acad. Sci. USA 81, 5325–5329.
Blanco, L., and Salas, M. (1985). Replication of phage ø29 DNA with
purified terminal protein and DNA polymerase: Synthesis of full-
length ø29 DNA. Proc. Natl. Acad. Sci. USA 82, 6404–6408.
Blanco, L., and Salas, M. (1996). Relating structure to function in ø29
DNA polymerase. J. Biol. Chem. 271, 8509–8512.
Bordo, D., and Argos, P. (1991). Suggestion for ‘‘safe’’ residue substitu-
tions in site-directed mutagenesis. J. Biol. Chem. 217, 721–729.
Chou, P. I., and Fasman, G. D. (1978). Prediction of the secondary
structure of proteins from their amino acid sequence. Adv. Enzymol.
47, 45–148.
Dedhar, S., Ruoslahti, E., and Pierschbacher, M. D. (1987). A cell surface
receptor complex for collagen type I recognyzes the Arg-Gly-Asp
sequence. J. Cell Biol. 104, 585–593.
de Vega, M., La´zaro, J. M., Salas, M., and Blanco, L. (1996). Primer-
terminus stabilization at the 39-59 exonuclease active site of ø29 DNA
polymerase. Involvement of two amino acid residues highly con-
served in proofreading DNA polymerases. EMBO J. 15, 1182–1192.
Esteban, J. A., Soengas, M. S., Salas, M., and Blanco, L. (1994). , 39-59
exonuclease active site of ø29 DNA polymerase. Evidence favoring a
metal-ion-assisted reaction mechanism. J. Biol. Chem. 269, 31946–
31954.
Fox, G., Parry, N. R., Barnett, P. V., McGinn, B., Rowlands, D. J., and
Brown, F. (1988). The cell attachment site on foot-and-mouth disease
virus includes the amino acid sequence RGD (Arginine-Glycine-
Aspartic Acid). J. Gen. Virol. 70, 625–637.
18 ILLANA ET AL.
Garnier, J., Osguthorpe, D. J., and Robson, B. (1978). Analysis of the
accuracy and implications of simple methods for predicting the
secondary structure of globular proteins. J. Mol. Biol. 120, 97–120.
Gartner, T. K., and Benett, J. S. (1985). The tetrapeptide analog of the cell
attachment site of fibronectin inhibits platelet aggregation and fibrin-
ogen binding to activated platelets. J. Biol. Chem. 260, 11891–11894.
Gutie´rrez, J., Vino´s, J., Prieto, I., Me´ndez, E., Hermoso, J. M., and Salas,
M. (1986). Signals in the ø29 DNA-terminal protein template for the
initiation of phage ø29 DNA replication. Virology 155, 474–483.
Hayman, E. G., Pierschbacher, M. D., and Ruoslahti, E. (1985). Detach-
ment of cells from culture substrate by soluble fibronectin peptides.
J. Cell Biol. 100, 1948–1954.
Hermoso, J. M., Me´ndez, E., Soriano, F., and Salas, M. (1985). Location
of the serine residue involved in the linkage between the terminal
protein and the DNA of phage ø29. Nucleic Acids Res. 13, 7715–7728.
Kishi, T., Miura, K., Matsumoto, K., and Hirokawa, H. (1994). Effects of
altered RGD (Arg-Gly-Asp) sequences in the primer protein on the
protein primed replication of bacteriophage M2 in vitro. J. Gen. Appl.
Microbiol. 40, 197–208.
Kobayashi, H., Matsumoto, K., and Hirokawa, H. (1988). Tripeptide,
Arg-Gly-Asp, inhibits the transfection of protein-linked DNA of bac-
teriophage M2. Jpn. J. Genet. 63, 537–541.
Kobayashi, H., Matsumoto, K., Misawa, S., Miura, K., and Hirokawa, H.
(1989). An inhibitory effect of RGD peptide on protein priming reac-
tion of bacteriophage ø29 and M2. Mol. Gen. Genet. 220, 8–11.
La´zaro, J. M., Blanco, L., and Salas, M. (1995). Purification of bacterio-
phage ø29 DNA polymerase. Methods Enzymol. 262, 42–49.
Leavitt, M. C., and Ito, J. (1987). Nucleotide sequence of Bacillus subtilis
phage Nf terminal protein gene. Nucleic Acids Res. 15, 5251–5259.
Me´ndez, J., Blanco, L., Esteban, J. A., Bernad, A., and Salas, M. (1992).
Initiation of ø29 DNA replication occurs at the second 39 nucleotide
of the linear template: A sliding-back mechanism for protein-primed
DNA replication. Proc. Natl. Acad. Sci. USA 89, 9579–9583.
Me´ndez, J., Blanco, L., and Salas, M. (1997). Protein-primed DNA rep-
lication: A transition between two modes of priming by a unique DNA
polymerase. EMBO J. 16, 2519–2527.
Nakayame, K., and Eckstein, F. (1986). Inhibition of restriction endonu-
clease NciI cleavage by phosphorothioate groups and its application
to oligonucleotide-directed mutagenesis. Nucleic Acids Res. 14,
9679–9698.
Ortı´n, J., Vin˜uela, E., Salas, M., and Vasquez, C. (1971). DNA-protein
complex in circular DNA from phage ø29. Nat. New Biol. 234, 275–
277.
Pen˜alva, M. A., and Salas, M. (1982). Initiation of phage ø29 DNA
replication in vitro: Formation of a covalent complex between the
terminal protein p3 and 59dAMP. Proc. Natl. Acad. Sci. USA 79,
5522–5526.
Pierschbacher, M. D., and Ruoslahti, E. (1984). Cell attachment activity
of fibronectin can be duplicated by small synthetic fragment of the
molecule. Nature (London) 309, 30–33.
Plow, E. F., Pierschbacher, M. D., Ruoslahti, E., Marguerie, G. A., and
Ginsberg, M. H. (1985). The effect of Arg-Gly-Asp-containing peptides
on fibrinogen and von Willebrand factor binding to platelets. Proc.
Natl. Acad. Sci. USA 82, 8057–8061.
Salas, M., Mellado, R. P., Vin˜uela, E., and Sogo, J. M. (1978). Charac-
terization of a protein covalently linked to the 59-termini of the DNA
of Bacillus subtilis phage ø29. J. Mol. Biol. 119, 269–291.
Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencing with
chain terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463–
5467.
Serrano, M., Salas, M., and Hermoso, J. M. (1990). A novel nucleopro-
tein complex at a replication origin. Science 248, 1012–1016.
Yoshikawa, H., and Ito, J. (1982). Nucleotide sequence of the major early
region of bacteriophage ø29. Gene 17, 323–335.
Zaballos, A., La´zaro, J. M., Me´ndez, E., Mellado, R. P., and Salas, M.
(1989). Effects of internal deletions on the priming activity of the
phage ø29 terminal protein. Gene 83, 187–195.
Zaballos, A., and Salas, M. (1989). Functional domains in the bacterio-
phage ø29 terminal protein for interaction with the ø29 DNA poly-
merase and with DNA. Nucleic Acids Res. 24, 10353–10366.
Zaballos, A, Salas, M., and Mellado, R. P. (1986). Initiation of phage ø29
DNA replication by mutants with deletions at the carboxyl end of the
terminal protein. Gene 43, 103–110.
Zaballos, A., Salas, M., and Mellado, R. P. (1987). A set of expression
plasmids for the synthesis of fused and unfused polypeptides in
Escherichia coli. Gene 58, 67–76.
19RGD SEQUENCE OF ø29 TERMINAL PROTEIN
